The increasing deployments of renewable generation methods, such as wind, affects the flexibility of electric power system operating due to their inherent variability and uncertainty. To mitigate this, power systems need flexible resources. This paper investigates the potential for wind power to provide flexible ramping products in the real-time market, an additional value stream to the energy it provides. The proposed model for wind power's strategic offering is formulated as a bi-level optimization problem with wind profit maximization at the upper level and the independent system operator's economic dispatch-considering both the energy balance and the flexible ramping requirement to counter uncertainty-at the lower level. This bi-level model is converted to a mathematical program with equilibrium constraints (MPEC) by recasting the lower level problem with its Karush-Kuhn-Tucker optimality conditions. Then, through strong duality theory and the big-M method, the MPEC model is converted to a mixed-integer linear programming model. The opportunity cost and the price for wind power-providing ramping products are analyzed. Numerical examples based on a 5-bus network are presented to verify the proposed model and concept.
Illustration of Flexible Ramping

System Level Flexible Ramping Requirement
To reduce the ramp scarcity caused by the uncertainties in the net-load (load and renewable generation) and maintain system reliability, a flexible ramping product has been introduced in the security-constrained economic dispatch problem by the ISOs [5] [6] [7] 9] . The discussion and formulation of the flexible ramping product in this paper is in line with typical ISO practices, but includes an improvisation that separates the ramping requirements by the most likely forecasts and their uncertainties.
To further elaborate, Figure 1 demonstrates flexible ramping during different time intervals. The solid dark dots are the most likely expected load forecasts at every interval. The red short lines and the yellow short lines are the upper and lower bounds of the forecasted load (due to uncertainties) at every time interval. From t0 to t1, because the forecasted load's lower bound at t1 is larger than the forecasted load at t0, there is no flexible ramp-down capacity requirement from t0 to t1. If the forecast uncertainty drove the load's lower bound in t1 further below the load forecast at t0, there would be a flexible down-ramp requirement. However, there is flexible ramp-up requirement, which includes both the most likely anticipation of the load ramp-up (i.e., load(t1)-load(t0)) and the forecast uncertainty that set the load upper bound in t1.
Similarly, for t1 to t2, there is a flexible ramp-up requirement (no ramp-down requirement) and for t2 to t3, there is a flexible ramp-down requirement (no flexible ramp-up requirement). From t3 to t4, there are both flexible ramp-up and flexible ramp-down requirements. It should be noted that while the flexible ramp-down requirement in this case comprises both the expected and uncertain portions of the forecasted load down-ramp, the flexible ramp-up requirement is entirely due to the uncertainty in the forecasted load up-ramp (i.e., most likely forecast plus the uncertainty driving the upper bound forecast at t4 above the forecasted load(t3) by a small portion). 
From t3 to t4, the flexible ramp-up requirement is
Generally, the flexible ramp-up capacity for interval t is given as
Similarly, the flexible ramp-down capacity for interval t is given as
where L is the system's total load, and ̅ t+1 and t+1 are the forecasted load upper and lower levels.
Wind Power Ramp Forecast
The wind power ramp forecast corresponds to the difference between , and , +1 in model (8) . , is the available wind power output forecast at the current interval, and , +1 is the available wind power output forecast at the next interval. Therefore, the difference between , and , +1 represents the endogenous wind power ramp.
When the ramp directions of the wind power and the load coincide, the wind power ramp can alleviate the system's ramp shortage. When their directions are opposite, the system requires plenty of ramp resources.
Strategic Offering for Wind Power Considering the Flexible Ramping Product
In the real-time market, the wind power producer will receive two parts of a payment if it provides both the energy and flexible ramping products, as shown in the objective function (5) . The first term is the revenue from the energy provided, and the second and third terms are the revenues from providing flexible ramp-up and ramp-down products.
, + , ≤ , ,
, − , ≥ 0,
where A is the bus set connecting wind farms of the wind power producer, and , is the From Figure 1 , the flexible ramp capacity requirement can be derived. From t0 to t1, the flexible ramp-up requirement is
where L is the system's total load, and L t+1 and L t+1 are the forecasted load upper and lower levels.
Wind Power Ramp Forecast
The wind power ramp forecast corresponds to the difference between P rt w,i and P rt+1 w,i in model (8) . P rt w,i is the available wind power output forecast at the current interval, and P rt+1 w,i is the available wind power output forecast at the next interval. Therefore, the difference between P rt w,i and P rt+1 w,i represents the endogenous wind power ramp. When the ramp directions of the wind power and the load coincide, the wind power ramp can alleviate the system's ramp shortage. When their directions are opposite, the system requires plenty of ramp resources.
Strategic Offering for Wind Power Considering the Flexible Ramping Product
R w = ∑ i∈A (π i P w,i + αFRU w,i + βFRD w,i ) , ( 
5)
where A is the bus set connecting wind farms of the wind power producer, and P max w,i is the maximum available wind power output. If the wind provides flexible ramping up product, FRU w,i > 0, then P max w,i is the maximum available power output at the next time interval. While, if the wind does not provide a flexible ramping up product, FRU w,i = 0, then P max w,i is the maximum available power output at the current time interval.
Bi-Level Strategic Offering Model for Wind Power
The objective of the wind power strategic offering is to maximize its net revenue considering its participation in the flexible ramping product market. In this strategic offering model, the locational marginal price (LMP) for energy and the market-clearing price for flexible ramping products are obtained from the ISO's RTED [18, 22] . Therefore, the strategic offering problem is formulated as a bi-level problem in (8)- (25) , where FRUR/FRDR are the system flexible ramp-up/down requirements, which are obtained from the forecast shown in Figure 1 . The ISO market-clearing model includes the offer prices for wind-providing ramp products. A more detailed analysis on these prices is performed in Section 4.
Maximize R w = ∑ i∈A (π i P w,i + αFRU w,i + βFRD w,i ), 
where (9) is the objective function of the ISO to minimize the total generation procurement cost, load-shedding cost, and ramping shortage penalty cost; (10) and (11) are the real-time demand and generation balance equations; (12) represents the demand limitation; (13) is the transmission constraints; (14) and (15) are the generation limitations considering flexible ramping products; (16) and (17) are the wind power limitations considering wind power providing flexible ramping products; (18) is the wind power limit; (19) , (20), (23) and (24) are the limitations on the generation's flexible ramp products; (21) and (22) are the system's flexible ramping product requirement constraints; and (25) is the ramp shortage limitation. The variables on the right side of the colons are the dual variables associated with the corresponding equality or inequality constraints.
The LMP π i can be obtained from the dual variables of the optimal solution of the ISO's economic dispatch (ED). The Lagrangian function is in (26) , and the LMP formulation is in (27) .
Mathematical Program with Equilibrium Constraints
Given that the lower level problem is a linear programming problem, we transformed the bi-level strategic offering model into an MPEC by recasting the lower level problem to Karush-Kuhn-Tucker (KKT) optimality conditions [23] [24] [25] [26] , and then adding them into the upper level problem as a set of additional complementarity constraints.
Mixed-Integer Linear Programming
The objective (8) of the MPEC is nonlinear because of the product terms, π i P w,i , αFRU w,i , and βFRD w,i (π i , t, P w,i , α, FRU w,i , β, and FRD w,i are variables) in the objective function and the complementarity constraints (40)-(57).
According to the strong duality theory, the objective of the primal problem is equal to the objective of the corresponding dual problem. For the RTED problem, the relationship between the objectives of the dual and primal problems can be expressed as follows:
From Equations (31), (38), (39) and Equation (58), Equation (59) is reformulated as:
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(59) Define B as:
Then
Note that the right side of Equation (61) is a linear formulation. The complementarity relation in (46) to (54) and (55) is used:
Combine Equation (62) to (67) with (61), then
The left side is the objective function of the wind power producer's strategic offering problem shown in Equation (5) . In addition, the right side is a linear formulation. The complementarity constraints in model (40)-(57) are linearized using the Fortuny-Amat transformation [27] . Finally, the bi-level strategic offering problem is transformed into a MILP problem, as
Maximize (69), (70) s.t. Constraint (29) to (39) (71)
where
δ , M u ε , and M d ε are large enough constants (typically 5000~10,000 in power system optimization), and v min
δ,i , v u ε , and v d ε are the auxiliary binary variables [27] [28] [29] [30] . The forecast uncertainty of other power plants offers can be modeled through a set of the probabilistic scenarios. Then, the model (70)-(107) can be integrated with a set of probabilistic scenarios and the model is transformed into a stochastic mixed integer linear programming model [18, 26, [31] [32] [33] . When there are multiple scenarios, the decomposition method can be utilized to solved this model [34] .
Case Studies
The optimization was performed using the General Algebraic Modeling System (GAMS) [35] , and the proposed strategic offering approach was tested on a modified PJM 5-bus system [17] . Figure 2 depicts the system. The peak load is 1050 MW, which is equally distributed among buses B, C, and D. The ramp capability of every generator is 10 MW/5 min; 5 min is the real-time market dispatch interval. Therefore, the ramp-up and ramp-down limits of traditional generators are both 10 MW for the analysis in this study. The wind power plant is connected to Bus D. The real-time wind power and wind ramp forecasts are listed in Table 1 .
, and are large enough constants (typically 5000~10,000 in power system optimization), and
, and are the auxiliary binary variables [27] [28] [29] [30] .
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The optimization was performed using the General Algebraic Modeling System (GAMS) [35] , and the proposed strategic offering approach was tested on a modified PJM 5-bus system [17] . Figure  2 depicts the system. 
Wind Ramp and Demand Ramp Coordination
In this subsection, the four cases shown in Figure 3 are studied to analyze the impact of wind power to provide flexible ramping products. The ramping requirements of the four cases are listed in Table 1 . The peak load is 1050 MW, which is equally distributed among buses B, C, and D. The ramp capability of every generator is 10 MW/5 min; 5 min is the real-time market dispatch interval. Therefore, the ramp-up and ramp-down limits of traditional generators are both 10 MW for the analysis in this study. The wind power plant is connected to Bus D. The real-time wind power and wind ramp forecasts are listed in Table 1 . 
In this subsection, the four cases shown in Figure 3 are studied to analyze the impact of wind power to provide flexible ramping products. The ramping requirements of the four cases are listed in Table 1 . In this study, the wind offer price for both the flexible ramp-up and ramp-down products are fixed to 0. The opportunity cost and the offer price for the ramp products associated with wind are analyzed in the next subsections. The wind power dispatch results including the dispatched power and flexible ramps are shown in Table 2 , and the clearing prices and profits are listed in Table 3 . The results in Table 2 and Table 3 are obtained from the proposed model in (24) . In Table 3 , the LMP is the price at Bus D to which the wind power plant is connected. Table 2 shows that when both the wind and the load ramp up in Case 1, the wind ramp can provide some of the ramp-up requirement. Therefore, the wind curtailment is lower in Case 1 than that in Case 2. When the system has a higher ramp-down requirement in Case 3 and Case 4, wind power can provide the ramp-down requirement. In this study, the wind offer price for both the flexible ramp-up and ramp-down products are fixed to 0. The opportunity cost and the offer price for the ramp products associated with wind are analyzed in the next subsections. The wind power dispatch results including the dispatched power and flexible ramps are shown in Table 2 , and the clearing prices and profits are listed in Table 3 . The results in Tables 2 and 3 are obtained from the proposed model in (24) . In Table 3 , the LMP is the price at Bus D to which the wind power plant is connected. Table 2 shows that when both the wind and the load ramp up in Case 1, the wind ramp can provide some of the ramp-up requirement. Therefore, the wind curtailment is lower in Case 1 than that in Case 2. When the system has a higher ramp-down requirement in Case 3 and Case 4, wind power can provide the ramp-down requirement.
In this study, the wind ramp product offer prices are 0, so the system has no additional cost with wind providing the ramp product. As shown in Table 3 , when wind power curtails its output to provide the ramp-up, the price for the ramp-up product is the same as the energy LMP. When wind provides the ramp-down product, the ramp-down price is still 0, which means that the system has no additional cost associated with wind providing the ramp-down product; however, there is an opportunity cost for wind providing the ramping product. This is analyzed in the next subsection.
Opportunity Cost for Wind Providing Ramp Products
In Case 1 and Case 2, the prices for wind providing energy and the ramp-up product are the same. Therefore, when wind curtails the power output to provide the ramp-up product, it will receive the same amount of revenues from providing the ramp-up product. In current markets, wind power will receive some subsidies for its power production, like emission free credits. Therefore, the opportunity cost for providing the ramp-up product with wind curtailment included the lost subsidies.
For instance, if there is a subsidy of $5/MW for wind power, in Case 1 the opportunity cost of the curtailed 15 MW of wind power would be $5 × 15 = $75 in which $5 is the subsidy price. Although, some markets have a higher subsidy price for wind, this subsidy is prone to decline due to the cost of wind decreasing. Because the wind power is forecasted to ramp up in the next interval, the 5 MW wind ramp-up (185-180 MW) will lead to a revenue of $30 × 5 = $150 from providing the ramp-up product. The opportunity cost would be $75 − $150 = −$75, which means there is a net-profit for wind by providing the ramp-up product. Therefore, when both wind and load ramp up, wind power can lead to more money being earned by providing the ramp-up product, even if it commits more capacity towards the ramping-up product (under the given cost and subsidy assumptions). In Case 2, because wind power is forecasted to ramp down in the next interval, the wind curtails 25 MW to provide a 20 MW ramp-up capability for the system's next interval ramp-up requirement. The opportunity cost is $(30 + 5) × 25 − $20 × 30 = $275, meaning wind would lose money for providing the ramp-up product in this case.
However, the opportunity cost to provide the ramp-down product is not as intuitive as that of the ramp-up product. In Case 3 and Case 4, the wind still generates the maximum available power at current interval to provide the ramp-down product. But in the next interval, the wind power output should ramp down. For instance, in Case 3, wind should hold the power output at 110 MW (180 MW − 70 MW) for the next interval. Therefore, if wind has an available power output of more than 110 MW in the next interval, there will be a curtailment loss for wind in the next interval. Then, the opportunity cost is like that of the ramp-up product. In Case 3, the wind curtailment for the next interval is 75 MW (185 MW − 110 MW). In Case 4, the curtailment is 65 MW (175 MW − 110 MW). The price for the ramp-down product is 0, which means that there is no revenue for providing the ramp-down product. So, the opportunity cost is 75 MW multiplied by the LMP in the next interval plus the subsidy price. Therefore, when both wind and load ramp down, the opportunity cost for wind providing the ramp-down product is less than it is when the wind ramps up and the load ramps down because the potential wind curtailment is lower in the former case.
For both the ramp-up and ramp-down products, when the wind ramp direction coincides with the load ramp direction, the opportunity cost for wind providing the ramp products is less than that when the wind ramp direction is opposite of the load ramp direction.
Ramp Price for Wind Ramping Products
In this subsection, wind offer prices for ramp products are developed, such that wind can recover the opportunity cost and participate more actively in the ramp market.
In Case 1, when the wind ramps up, the total revenue to provide the ramp-up product can be formulated as
where R ru is the total profit for providing the ramp-up product; π is the current interval energy LMP; p ru is the offer price for the ramp-up product; ∆P ru is the wind forecast ramp-up capacity; p s is the subsidy price received by wind for the energy; and FRU is the total capacity for the ramp-up product provided by the wind. Then, when
wind power can earn a positive profit through providing a ramp-up product. In Case 2, when the wind ramps down, the total revenue is
where ∆P rd is the wind forecast ramp-down capacity. Then, when
wind power can earn a positive profit by providing the ramp-up product.
For the ramp-up product, because the potential opportunity cost is caused by the wind curtailment at the current time interval, and because this cost is already included in the objective function in (5), if the ramp-up offer price is given by (109) or (111), the wind power opportunity cost for providing the ramp-up product can be recovered. Then, the strategic offering model can endogenously optimize the wind power output and the ramp-up capacity to maximize its profit.
For the ramp-down product, although the lower bound of the offer price can be formulated via a similar method as (109) and (111) in order to recover the opportunity cost in the next time interval, this can change the generation dispatch at the current time interval and lead to a suboptimal solution for wind power scheduling at the current interval. For instance, Table 4 shows the results with a fixed ramp-down offer price ($40/MW for the ramp-down product) and without the fixed offer price for wind power (the lower limit is $0/MW for the ramp-down product). Figure 4 demonstrates the generation dispatch under the two scenarios. Table 4 shows that although setting the ramp-down offer price can increase the clearing price for the ramp-down product, it also reduces the energy LMP, which leads to less total profit for the current time interval. When the ramp-down product offer price is 0, the system can schedule more ramp-down capacity from wind power. Therefore, expensive generation, such as Gen4, is not scheduled. However, the generation dispatch shown in Figure 4 demonstrates that with this fixed $40/MW wind offer price for the ramp-down product, the expensive Gen4 increases its power output to provide the ramp-down product. The total ramp-down capability is 50 MW, but the ramp-down requirement is 70 MW. Therefore, the system LMP changes, and the wind power profit is less. The opportunity cost for the ramp-down product is the potential wind curtailment cost in the next time interval, which is not explicitly included in the objective function in (5).
In Case 3, when the wind ramps up while providing the ramp-down product, the revenue is
where is the next interval energy LMP forecast value. In Case 4, the revenue is
With the objective function modeled in (112) and (113), when providing the ramp-down products, the wind can optimize its power and ramp-down capacity to maximize its profit at the current time interval. But, the opportunity cost for providing the ramp-down product is still not recovered in this objective function. To compensate for the wind power's service of the ramp-down capacity and to maintain market efficiency, some out-of-market measurements should be provided.
Note that , , , and are the ISO's economic dispatch results, which means that the wind power producer will not know the exact values of these variables before the strategic offer model is solved. Therefore, they should offer the ramp-up product prices based on the forecast of these variables from the historical data.
The wind dispatch with the ramp-up offer price lower limit and new objective function for the ramp-down product are shown in Table 5 and Table 6 . For Case 1, because the wind ramps up with the same load ramp direction, the ramp-up product price is still 0. For Case 2, the wind ramp-up price is $13.75/MW, as shown in Equation (28) . Therefore, the clearing price for the ramp-up product increases to $43.75/MW, which recovers the opportunity cost of curtailing wind to provide the rampup product. For Case 3 and Case 4, compared to Table 2 and Table 4, Table 5 shows that when considering the potential wind curtailment opportunity cost, the wind schedules less ramp-down capacity, and the clearing price for the ramp-down product increases. The increment for the rampdown product price does not significantly reduce the energy LMP; therefore, the profit at the current interval is reduced only slightly. Considering the potential wind curtailment cost in the next time interval, in Case 3, the opportunity cost is $24.475 × 40 = $974, as shown in Table 5 . Here $40/MWh is the forecast LMP $35/MWh in the next interval (from Tables 4 and 6 , this forecast is reasonable) plus the $5/MWh subsidy. In Tables 2 and 4 , the opportunity cost of providing the ramp-down product in Case 3 is $70 × 40 = $2800 and $30 × 40 = $1200 (Not fixed, Case 3 in Table 4 ), respectively. Obviously, the opportunity cost of providing the ramp-down product is reduced significantly in Table 5 . As shown in Table 3, Table 4, and Table 6 , all the cases can be solved within one second which demonstrates that the computational burden of the proposed model is not high. The opportunity cost for the ramp-down product is the potential wind curtailment cost in the next time interval, which is not explicitly included in the objective function in (5).
where π next is the next interval energy LMP forecast value. In Case 4, the revenue is
Note that π, π next , FRU, and FRD are the ISO's economic dispatch results, which means that the wind power producer will not know the exact values of these variables before the strategic offer model is solved. Therefore, they should offer the ramp-up product prices based on the forecast of these variables from the historical data.
The wind dispatch with the ramp-up offer price lower limit and new objective function for the ramp-down product are shown in Tables 5 and 6 . For Case 1, because the wind ramps up with the same load ramp direction, the ramp-up product price is still 0. For Case 2, the wind ramp-up price is $13.75/MW, as shown in Equation (28) . Therefore, the clearing price for the ramp-up product increases to $43.75/MW, which recovers the opportunity cost of curtailing wind to provide the ramp-up product. For Case 3 and Case 4, compared to Tables 2 and 4, Table 5 shows that when considering the potential wind curtailment opportunity cost, the wind schedules less ramp-down capacity, and the clearing price for the ramp-down product increases. The increment for the ramp-down product price does not significantly reduce the energy LMP; therefore, the profit at the current interval is reduced only slightly. Considering the potential wind curtailment cost in the next time interval, in Case 3, the opportunity cost is $24.475 × 40 = $974, as shown in Table 5 . Here $40/MWh is the forecast LMP $35/MWh in the next interval (from Tables 4 and 6 , this forecast is reasonable) plus the $5/MWh subsidy. In Tables 2  and 4 , the opportunity cost of providing the ramp-down product in Case 3 is $70 × 40 = $2800 and $30 × 40 = $1200 (Not fixed, Case 3 in Table 4 ), respectively. Obviously, the opportunity cost of providing the ramp-down product is reduced significantly in Table 5 . As shown in Table 3, Table 4, and Table 6 , all the cases can be solved within one second which demonstrates that the computational burden of the proposed model is not high. Figure 5 shows that the generation dispatch varies with the system's ramp requirement. Compared to the ramp-up requirement, in the ramp-down scenarios, such as Case 3 and Case 4, the expensive generators, such as Gen4, increase their power output to provide ramp-down capacity. Therefore, the ramping requirement changes the generation dispatch and the LMP. If there is a shortage in ramping resources, the dispatch and LMP will be distorted from the reasonable values. Figure 5 shows that the generation dispatch varies with the system's ramp requirement. Compared to the ramp-up requirement, in the ramp-down scenarios, such as Case 3 and Case 4, the expensive generators, such as Gen4, increase their power output to provide ramp-down capacity. Therefore, the ramping requirement changes the generation dispatch and the LMP. If there is a shortage in ramping resources, the dispatch and LMP will be distorted from the reasonable values. 
Impact of Wind Ramp Forecast
The previous subsections showed that the wind power forecast for the next time interval is critical for scheduling both ramp-up and ramp-down products. This subsection analyzes the forecast uncertainty sensitivity on the wind power producer's profit. The case for wind providing the rampup product is studied.
If the next interval of wind power output is uncertain, the total revenue to provide the ramp-up product is formulated similarly to (108) and (110). Therefore, the revenue is
where is the probabilistic wind power output at the next time interval; and ( ) and ( ) are the probability density function and the expected value of the next time interval wind power output, respectively. Then
Therefore, (115) determines the ramp-up product offer price for wind power. It shows that the offer price is determined by the expected value of the next interval power output. If the expected 
The previous subsections showed that the wind power forecast for the next time interval is critical for scheduling both ramp-up and ramp-down products. This subsection analyzes the forecast uncertainty sensitivity on the wind power producer's profit. The case for wind providing the ramp-up product is studied.
where x is the probabilistic wind power output at the next time interval; and f (x) and E(x) are the probability density function and the expected value of the next time interval wind power output, respectively. Therefore, (115) determines the ramp-up product offer price for wind power. It shows that the offer price is determined by the expected value of the next interval power output. If the expected power output of the next interval is higher than that of the current interval, the wind ramps up, and the offering price of the ramp-up product is less than the subsidy price. In contrast, if the expected power output in the next interval is less than that in the current interval, the wind ramps down, and the offering price of the ramp-up product is higher than the subsidy price.
Case Study with Multiple Time Intervals
In this subsection, a one-hour study with 12.5 min intervals for the wind power's strategic offering considering both the energy and flexible ramping products is performed. The hourly load curve and the wind forecast mean power curves are from CAISO at 6:00 a.m. on 2 January 2018 [36] , as shown in Figure 6 . The offering price for ramping up and down products are fixed to $7.5/MW and $15/MW, respectively. The dispatched wind power and its ramping capacities are shown in Figure 7 . In Figure 7 , the wind available power and dispatched wind power are shown on the left axis and the ramping up/down products capacities are shown on the right axis. The LMPs for the energy provided by wind power and the clearing price for the ramping up/down products are shown in Figure 8 . power output in the next interval is less than that in the current interval, the wind ramps down, and the offering price of the ramp-up product is higher than the subsidy price.
In this subsection, a one-hour study with 12.5 min intervals for the wind power's strategic offering considering both the energy and flexible ramping products is performed. The hourly load curve and the wind forecast mean power curves are from CAISO at 6:00 a.m. on 2 January 2018 [36] , as shown in Figure 6 . The offering price for ramping up and down products are fixed to $7.5/MW and $15/MW, respectively. The dispatched wind power and its ramping capacities are shown in Figure 7 . In Figure 7 , the wind available power and dispatched wind power are shown on the left axis and the ramping up/down products capacities are shown on the right axis. The LMPs for the energy provided by wind power and the clearing price for the ramping up/down products are shown in Figure 8 . In Figure 7 , it is obvious that wind power curtails its power output to provide the ramping up product because its dispatched power is lower than the forecasted available wind power. In this case, the system ramping capacity from the traditional generators is lower than the ramping up requirement. Therefore, wind power should provide this ramping up service. In this scenario, the load is ramping up while the wind power is ramping down. Therefore, the opportunity cost for wind power to provide the ramping up product is higher than the wind subsidy prices shown in Equation (32) . power output in the next interval is less than that in the current interval, the wind ramps down, and the offering price of the ramp-up product is higher than the subsidy price.
In this subsection, a one-hour study with 12.5 min intervals for the wind power's strategic offering considering both the energy and flexible ramping products is performed. The hourly load curve and the wind forecast mean power curves are from CAISO at 6:00 a.m. on 2 January 2018 [36] , as shown in Figure 6 . The offering price for ramping up and down products are fixed to $7.5/MW and $15/MW, respectively. The dispatched wind power and its ramping capacities are shown in Figure 7 . In Figure 7 , the wind available power and dispatched wind power are shown on the left axis and the ramping up/down products capacities are shown on the right axis. The LMPs for the energy provided by wind power and the clearing price for the ramping up/down products are shown in Figure 8 . In Figure 7 , it is obvious that wind power curtails its power output to provide the ramping up product because its dispatched power is lower than the forecasted available wind power. In this case, the system ramping capacity from the traditional generators is lower than the ramping up requirement. Therefore, wind power should provide this ramping up service. In this scenario, the load is ramping up while the wind power is ramping down. Therefore, the opportunity cost for wind power to provide the ramping up product is higher than the wind subsidy prices shown in Equation (32) . Figure 8 shows that when the wind power offers a ramping up product price, the final clearing price for the ramping up product is the LMP for energy plus the offering price of the ramping up product. Therefore, through this offering price for the ramping up product, the opportunity cost can be In Figure 7 , it is obvious that wind power curtails its power output to provide the ramping up product because its dispatched power is lower than the forecasted available wind power. In this case, the system ramping capacity from the traditional generators is lower than the ramping up requirement. Therefore, wind power should provide this ramping up service. In this scenario, the load is ramping up while the wind power is ramping down. Therefore, the opportunity cost for wind power to provide the ramping up product is higher than the wind subsidy prices shown in Equation (32) . Figure 8 shows that when the wind power offers a ramping up product price, the final clearing price for the ramping up product is the LMP for energy plus the offering price of the ramping up product. Therefore, through this offering price for the ramping up product, the opportunity cost can be recovered. For the ramping down product, during the 9th to 12th intervals, the clearing price is 0. Therefore, wind power does not provide the ramping down product in this period, as shown in Figure 7 . recovered. For the ramping down product, during the 9th to 12th intervals, the clearing price is 0. Therefore, wind power does not provide the ramping down product in this period, as shown in Figure  7 . Figure 8 . Locational marginal prices (LMPs) for energy and the ramping up/down products prices for wind power producer.
Conclusions
This paper proposed a strategic offering model for wind power providing both energy and flexible ramping products. The main contributions of the proposed model can be summarized as:
1. The joint energy and flexible ramping product offering model for wind power in the real-time market is proposed and transformed into a solvable MILP model which can be efficiently solved. 2. The opportunity cost associated with wind providing ramping products is analyzed. When the ramp direction of wind coincides with the system load ramp direction, the opportunity cost is lower. 3. When wind provides the ramp-up product, it can recover the opportunity cost of providing the ramp-up product with wind curtailment through an offer price for the ramp-up product. 4. When providing the ramp-down product, this opportunity cost cannot be explicitly recovered, and some out-of-market measurement is needed to recover the wind power's opportunity cost to provide the ramp-down product. 5. The wind power forecast uncertainty has a significant impact on the offering price for ramping products. If the next interval wind forecast's mean value is higher than the current wind power output, the offering price for the ramp-up product is less than the subsidy price. Otherwise, it should be more than the subsidy price. 6. When the system is short of ramping up/down capacities, wind power has the market power to some degree. ISOs should have some measurements to mitigate this market power.
Future work will include studying the market designs to recover the wind power's opportunity cost to provide the ramp-down product. 
